1
. Using whole-genome sequencing data from 450 individuals we strongly replicated many of the reported interactions but, in each case, a single third variant captured by our sequencing data could explain all of the apparent epistasis. Our results provide an alternative explanation for the apparent epistasis observed for gene expression in humans. There is a Reply to this Brief Communication Arising by Hemani ) that interacted to influence the expression of 19 different gene transcripts. These interactions were robust to adjustment for multiple testing and were replicated across two independent studies. Most of the replicated apparently interacting SNP pairs were associated with gene expression in cis and were located close to each other on the same chromosome (all ,520 kilobases). We have previously shown that low levels of correlation due to linkage disequilibrium (LD) between variants can cause apparent allelic heterogeneity at an associated locus 2 . We therefore hypothesized that low levels of LD could explain the epistasis observed by Hemani et al.
.
To address this hypothesis, we used a combination of whole-genome sequence data and whole-blood gene expression traits in 450 individuals from the InCHIANTI study 2 . Gene expression levels were measured using a similar Illumina array (Human HT-12 v3.0) as Hemani et al. 1 used for all of their discovery and replication analyses and we used the same analysis software (epiGPU 3 ). We first replicated the apparent interactions detected and replicated by Hemani et al. (11 of 17 cis-cis pairs and 3 of 11 cis-trans pairs with P , 0.05; Table 1 ). Our lower success rate of replicating the cis-trans effects is consistent with their reported smaller effect sizes. We could not analyse two of the gene expression traits because either the probe or one of the SNPs failed quality control in our study. We next identified the single most strongly associated variant for each of the 17 gene expression traits from our whole-genome sequencing analysis. For 27 out of 28 SNP pairs the individual variant most strongly associated with gene expression in our data was more strongly associated than the 8 degrees of freedom (8 d.f.) full model formed from the pair of SNPs reported in Hemani et al. (Table 1) . For all 17 putatively interacting pairs where both SNPs occurred on the same chromosome our more strongly associated variant was moderately correlated with both of the interacting SNPs (Table 2) . These correlations occurred despite very low levels of LD between the two SNPs described by Hemani et al.
We next re-evaluated the evidence for interaction but this time corrected for the presence of our most strongly associated variant. The inclusion of our third variant removed any evidence for interaction (Table 1) . This included the removal of apparently strong interactions involving cis variants for MBNL1 and TMEM149 (also known as IGFLR1), the two transcripts that account for all of the cis-trans interactions. Additionally, the most strongly associated variant for MBNL1 occurs in the probe sequence used to detect expression of the gene, raising the possibility (Table 2 ). However, it is possible to have substantial multi-locus LD but no pairwise LD 4 . Fig. 1 provides an example of the haplotype structure for the ADK locus, where there is no LD between the two interacting SNPs, but the most associated variant from our study has moderate LD with both of the SNPs.
In summary, using whole-genome sequencing and independent data, we have provided an alternative explanation for the findings of Hemani et al. 1 and conclude that there remain few robust examples of epistasis in humans.
Methods
Gene expression profiles were captured using an Illumina HumanHT-12 v3.0 BeadChip array 2 . Whole-genome sequencing was performed at the Beijing Genomics Institute (Shenzhen, China) using the Illumina HiSeq 2000 (median read depth 73). Reads were processed using GATK 5 before genotype recovery and refinement through within-sample imputation using BEAGLE 6 . Analysis of the 8 d.f. model and interaction term was performed using epiGPU 3 . To determine whether the observed interactions were driven by unaccounted for additive variants, we obtained the most strongly associated variant in cis (1 megabase 6 probe start site) using MACH2QTL 7 , generated a phenotype of residuals for each expression trait by regressing out the variant, and then repeated the epiGPU analysis using the adjusted trait. , and although their proposed mechanism does not explain all our reported results, we acknowledge that alternative mechanisms could be behind the observation of epistatic signals. Although we replicate our results in large, independent samples, 19/30 of our reported interactions (Table 1 in ref. 2), Wood et al. 1 do not replicate in the InCHIANTI data set (n 5 450) at a type-I error rate of 0.05/30 5 0.002, including none of our reported cis-trans interactions. Having insufficient data to replicate the discovery interactions makes it problematic to draw firm conclusions on the reported cis-trans effects. The analysis followed that of Wood et al. 1 . In each cohort the effect of the imputed IncSeq SNP was regressed against the probe levels and the residuals used as an adjusted phenotype. Interaction effects were estimated following Hemani et al. 2 and the results combined using Fisher's method (see Hemani et al. 2 ) using results from all three data sets or just the two replication data sets. TMEM149 and C21ORF57 are also known as IGFLR1 and YBEY, respectively.
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